Introduction
Tryptanthrin (T, Fig. 1a ) is a weakly basic alkaloid formed in a number of plant species. 1 This compound exhibits antimicrobial activity against various pathogenic bacteria and fungi. 2 Upon synthesizing tryptanthrin derivatives as antimicrobial agents, we noticed that some of them exhibited fluorescence. We found that 2-aminotryptanthrin (T2NH2, Fig. 1b ) had especially excellent photophysical properties, such as wide-wavelength absorption and emission, and a high fluorescence quantum yield (Φf = 0.5 in acetonitrile). 3 T2NH2 also exhibited a large positive fluorescent solvatochromism, which means that it exhibited a longer wavelength of fluorescence in highly polar solvents than in non-polar solvents. 4 We hypothesized that T2NH2 will become a good energy acceptor or donor for fluorescence resonance energy transfer (FRET), provided that an appropriate energy donor or acceptor is available. FRET is defined as an excited-state energy interaction between two fluorophores in which excited donor energy is transferred to an acceptor without any photon emission. 5, 6 Thus, FRET requires a certain degree of spectral overlap between the emission spectrum of the donor and the absorption spectrum of the acceptor. In this study, to obtain FRET-based metal-cation sensors, we synthesized 1-(2-tryptanthrinylaminoacetoxy)-14-(1-pyrenecarboxy)-3,6,9,12-tetraoxatetradecane (T2NH-P5P, Fig. 1c ) in which the pyrene group, as an energy donor, and the 2-aminotryptanthrin unit, as an energy acceptor, are anchored with pentaethyleneglycol. When using excitation at 325 nm, which corresponds to the absorption of the pyrene unit of T2NH-P5P, emission at 600 nm, from the 2-aminotryptanthrin unit, was observed, indicating that intramolecular FRET occurs in T2NH-P5P (FRET-on). We previously reported the change in the fluorescence spectra after † To whom correspondence should be addressed. E-mail: jun@cc.hirosaki-u.ac.jp , and Al 3+ were added to an acetonitrile solution of T2NH-P5P, the behavior changed from FRET-on to FRET-off, which means that the fluorescence of 2-aminotryptanthrin was quenched, whereas that of the pyrene group was revived (FRET-off). Especially, this behavior was remarkable for Fe 2+ 3+ . We now wish to report on the details of our study on metal-ion recognition by T2NH-P5P.
2-Aminotryptanthrin

Experimental
Synthesis
The preparation of T2NH-P5P and other compounds has been reported elsewhere.
3,7
Measurements
Stock solutions of T2NH-P5P were prepared by dissolving a weighed amount of T2NH-P5P in acetonitrile. Titrations of T2NH-P5P ([T2NH-P5P] = 10 μM, M = mol dm -3 ) against metal-ion solutions were performed in a spectrophotometric cell with a path length of 1 cm. UV-vis spectra (between 200 and 600 nm) of the resulting solutions were recorded at room temperature with a JASCO V-670 spectrophotometer after separate adds of each of the 14 metal salts: Mg(ClO4)2, Ca(ClO4)2, Ba(ClO4)2, Fe(ClO4)2, Fe(ClO4)3, Co(ClO4)2, Ni(ClO4)2, Cu(ClO4)2, AgClO4, Zn(ClO4)2, Cd(ClO4)2, Hg(ClO4)2, Al(ClO4)3, and Pb(ClO4)2. Fluorescence spectra were measured at between 350 and 750 nm with a Hitachi F-4500 fluorometer using an excitation wavelength of 325 nm. The titrations were performed with metal ions (5 -10000 μM) as the titrant and T2NH-P5P (10 μM) as the titrate. The metal-ion sources were identical to those used in UV-vis studies.
1 H NMR spectra were recorded on a JEOL JNM-ECA 500 spectrometer in acetonitrile-d3 with TMS used as an internal standard.
Results and Discussion
Absorption spectra and emission spectra
The UV-vis absorption spectrum of T2NH-P5P was essentially identical to that of an equimolar mixture of ethyl(2-tryptanthrinylamino)acetate (T2NH-CH2COOEt, Fig. 1d ) and ethyl pyrene-1-carboxylate (1EP, Fig. 1e ), as shown in Fig. 2 . Ground-state intramolecular interactions, such as charge transfer, were excluded by the absence of a new band at a longer wavelength for T2NH-P5P.
In contrast, the fluorescence spectrum of T2NH-P5P was different from that of the equimolar mixture of T2NH-CH2COOEt and 1EP, as shown in Fig. 3 . Although an equimolar mixture of T2NH-CH2COOEt and 1EP showed strong emission from the pyrene chromophore, when using excitation at 325 nm, which corresponds to the absorption of the pyrene unit (energy donor) of T2NH-P5P, emission at 600 nm, from the 2-aminotryptanthrin unit (energy acceptor), was observed, indicating that intramolecular fluorescence resonance transfer (FRET) occurred in T2NH-P5P.
Metal-ion recognition
We measured UV-vis absorption and fluorescence for the acetonitrile solution of T2NH-P5P (10 μM) at room temperature to which 14 metal salts (Mg(ClO4)2, Ca(ClO4)2, Ba(ClO4)2, Fe(ClO4)2, Fe(ClO4)3, Co(ClO4)2, Ni(ClO4)2, Cu(ClO4)2, AgClO4, Zn(ClO4)2, Cd(ClO4)2, Hg(ClO4)2, Al(ClO4)3, and Pb(ClO4)2) were separately added. To selectively excite the energy donor pyrene unit, 325 nm was chosen as the excitation wavelength of T2NH-P5P.
When the Mg, Co, Ag, and Zn salts were separately added to the solution, the shape and intensity of the absorption spectra did not change, and the fluorescence spectra changed slightly. Figure 4 shows the absorption and fluorescence spectra of T2NH-P5P with and without Mg 2+ as a typical example. Slight changes in the fluorescence spectra could have been due to collision quenching between T2NH-P5P and the metal ions.
The addition of Ca, Ba, and Pb salts to the acetonitrile solution of T2NH-P5P resulted in a red shift of the absorption spectra, and isosbestic points were observed. The changes in the absorption spectra of T2NH-P5P in the presence of Ca T2NH-P5P, the intensity of the 2-aminotriptanthrin emission (600 nm) decreased by half, and a new structure-less broad emission was observed in a wavelength region (420 -450 nm) longer than that for pyrenyl emission (400 nm). Figure 5 shows the absorption and fluorescence spectra of T2NH-P5P with and without Ca 2+ as a typical example. The new emission from 420 to 450 nm could be due to excited-state intramolecular interactions, i.e., an intramolecular exciplex formed by a pyrenyl unit and a 2-aminotriptanthrinyl unit. Oxygen atoms of a polyether chain can bind alkaline earth metal ions, such as Ca 2+ , according to the hard and soft acids and bases rule.
8-10 1 H NMR spectra in ascetonitrile-d3 provided information about the structures of the complexes. When T2NH-P5P was complexed with Ca 2+ , all peaks of the polyetherchain protons shifted to lower magnetic fields, as shown in Figs. 6a and 6b. Ethereal protons shifted downfield because the electron density of the oxygen atoms was reduced by the coordinated cation. In addition, the aromatic protons shifted to the upper or lower magnetic fields, as shown in Figs. 6c and 6d . The shift of the aromatic protons could be attributed to the ring-current effect of each aromatic unit. From these results, the structure of the complex formation can be determined, as shown in Fig. 7 .
As we previously reported, when Al salt was added to the acetonitrile solution of T2NH-P5P, the behavior changed from FRET-on to FRET-off, which means that the fluorescence of 2-aminotryptanthrin (600 nm) was quenched, whereas that of the pyrene group (400 nm) was revived (FRET-off). 7 When Fe, Ni, Cu, Cd, and Hg salts were added to the acetonitrile solution of T2NH-P5P, the same behavior was observed. The absorption and fluorescence spectra of T2NH-P5P with and without Hg 2+ at several concentrations are shown in Fig. 8 as a typical example. The revived fluorescence at 400 nm and the quenching at 600 nm are attributed to the changing of the effect of FRET due to a decrease of the absorption at 450 nm with the formation of the T2NH-P5P-Hg 2+ complex. After separately adding Ni, Cd, and Al salts to a solution of T2NH-P5P the fluorescence at 600 nm did not completely disappear, and the enhancement of fluorescence at 400 nm was small. The fluorescence spectra of T2NH-P5P with and without Al 3+ at several concentrations are shown in Fig. 3 of Ref. 7 as a typical example. However, after separately adding Fe, Cu, and Hg salts to a solution of T2NH-P5P the fluorescence at 600 nm completely disappeared, and the enhancement of fluorescence at 400 nm was large, as shown in Fig. 8b . Therefore, the FRET "on-off" behavior of T2NH-P5P is more remarkable for Fe 2+ , Fe 3+ , Cu 2+ , and Hg 2+ than that for Ni 2+ , Cd 2+ , and Al 3+ . We calculated the fluorescence increase ratio (FIR400) of pyrene (400 nm) and the fluorescence decrease ratio (FDR600) of 2-aminotryptanthrin (600 nm) for 14 metal-ions according to equations (1) and (2): The values of FDR600 for Cu 2+ , Fe 2+ , Fe 3+ , and Hg 2+ were approximately 100% (Fig. 9b) . On the other hand, the values of FIR400 for Fe 2+ and Hg 2+ were more than 1700%, and those for Fe 3+ and Cu 2+ were more than 680% (Fig. 9a) 
Also, the association constants (K) should be expressed as follows: 
where [T2NH-P5P]0 and [M]0 are the initial concentrations of T2NH-P5P and the metal salts, respectively; If600 and If600,0 the observed emission intensities of T2NH-P5P with and without the metal ion, respectively; and If600,min the observed emission intensity of the complex of T2NH-P5P and the metal ion. The association constants were determined from the emissionintensity changes at the 600 nm emission maxima for T2NH-P5P using Eq. (7) . The values of log K of T2NH-P5P with the metal ions are reported in Cu 2+ and Hg 2+ usually behave as fluorescence quenchers via an electron transfer from the excited-state fluorophore to the empty d-orbital [14] [15] [16] ; therefore, many of the reported molecular systems show a fluorescence-quenching response upon the addition of Cu 2+ and Hg 2+ . [17] [18] [19] Fluorescence quenching also occurs because of impurity contamination, which leads to inaccurate detection results. Therefore, a fluorescence "emission" chemosensor for Cu 2+ and Hg 2+ is necessary and important. T2NH-P5P can be used as a fluorescence "emission" chemosensor for the recognition of Cu 2+ and Hg 2+ . T2NH-P5P is expected to be used for the detection of metal ions in many fields: environment, biology, medicine, etc. In the future, we will perform an experiment in aqueous solution or living cells. were added, the behavior switched from FRET-on to FRET-off, which means that the fluorescence of 2-aminotryptanthrin was quenched, whereas that of the pyrene group was revived (FRET-off 
Conclusions
